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Introduction




Motivation

description of presently known phenomena

he Standard Model (SM) provides a successful

However the SM fails to address

idequately some important 1ssues
B T'he Hierarchy problem

Electroweak symmetry breaking mechanism
auge coupling unification

w'n'nuil}y structure and fermion masses

smolo iQal challenges
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Supersymmetry

= Extends the SM by adding a new spin symmetry
- = Boson < Fermion
= SUSY more than doubles SM particle spectrum

Standard particles

Hig3s

Quarks 0 Leplons ‘ Force particles




Supersymmetry

= Extends the SM by adding a new spin symmetry
- = Boson < Fermion
= SUSY more than doubles SM particle spectrum

Standard particles SUSY particles

Quarks o Leptons ’ Force particles Squarks «’ Sleptons » | SUlS‘Y*!Otco
paricics



Supersymmetry

‘= A priori, in the superpotential, terms violating
~ lepton and baryon number are allowed

= [eading to rapid proton decay
&[0 suppress this, a common assumption 1s to
impose a discrete symmetry called R parity
= Additional multiplicative quantum number
s R = (_1)2s+3B+L

" [t follows that R, =1 for SM particles and R = -1 for
superparticles

licdiate consequences of R | conservation
ISY particles are pair produced
€ Lightest Supersymmetric Particle (LSP) is stable
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= SUSY solves the hierarchy problem
= Quadratic divergences in the Higgs self-energy corrections
become logarithmic
= |n Rip conserved scenarios, the cosmological relic of the
stable LSP provides a good candidate for cold dark
atter

C SUSY provides a framework =B
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SUSY phenomenology

- No experimental evidence of SUSY yet

= [t follows that SUSY must be a broken
- Ssymmetry

Phe breaking mechanism
® Determines phenomenology

s Determines search strategy
MSUGRA is our benchmark model )



mSUGRA

MSUGRA = minimal Super GRAvity
widely used benchmark model by Tevatron Run I, LHC etc.

manageable due to five parameters

My: common scalar
mass at GUT scale
m,,,: common gaugino
mass at GUT scale
tan B: ratio of Higgs
vacuum expectation values
- A, trilinear coupling
~ Sign(p): sign of Higgs mass term

Signal Benchmark Point
m =60 GeV, m, =190 GeV, tan()=3, A =0, u>0



= Chargino-Neutralino
= Squarks
- Gluinos

100 events per fb-1

A
I

Concentrating on
Chargino and Neutralino

G(SUSY) ~ pb while

o(pp) ~ 50 x 10° pb

SUSY cross sections

' Most SUSY searches at hadron colliders are for:

T. Plehn, PROSPINO
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Charginos & Neutralinos

Charginos (*) and Neutralinos (°) —
- are the cigenstates of the mass
matrix of the SUSY partners of the
Gauge and Higgs bosons

B and " are analogues of W and Z
n SUSY N
there are four x°; , 54 two %*

=2 <

Mass (x°,) = 67 GeV
Mass (%0,) = 122 GeV @
Mass (x*,) = 120 GeV

Signal Benchmark Point
m,=60 GeV, m, =190 GeV,
tan(B)=3, A, =0, n>0




Chargino & Neutralino
Production

= Assuming R, conservation

" sparticles are pair produced

= %" the LSP is stable and escapes detection

Chargino %=, and Neutralino %", can be produced in association



4 Chargino & Neutralino Decay

Chargino and Neutralino can decay via virtual W, Z
or sleptons leading to a final state with 3 charged leptons,
2 LSPs and 1 neutrino.

q

+interfering t-channel squark exchange diagrams



Signature of Interest
Supersymmetric Trilepton Event
E
Lepton e/u/x

o)

<
Missing Energy
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Multilepton Final States

=  Appealing for other SUSY searches

= RPV SUSY processes e w::, SUSY and Background Cross-Sections
10}
=  Very clean 07 jots
4 102,
= Particularly powerful @ hadron .. Bottom
colliders where QCD 0,

background dominates

But leptons from chain decays 07 —_—
= Relatively low p,(< 20 GeV/c) susy

slptons

Generated Lepton E;

— Lepton 1

— Lepton 2

L Lepton 3
= .‘\““‘-h__ - — erara
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CDF
e Collider Detector at Fermilab




he Tevatron Accelerator Complex
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A
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Luminosity
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The CDF Run II Detector

= Multipurpose Detector
m precision tracking

m good calorimeter & y coverage
m Electrons |n| < 2.8
m Muons |n| <1.5

Central EM Calorimeter

Central HAD Calorimeter

Plug EM Calorimeter

Plug HAD Calorimeter

-----
-----

Central Muon Extension

Central Muon Chamber

Central Tracking Chamber Central Muon Upgrade

Silicon Vertex Detectors




‘gnature Ingredients: LEPTONS

Electrons
= Track + EM shower
Muons
= Track
-+ no shower in calorimeter
+ signal in muon systems
[aus
Decay to electrons or muons
BR=35%
Decay hadronically single-prong

| charged particle) BR = 50% But isolated tracks also
— use an 1solated track to | can recover electrons

identify single-prong decay e Or muons which
do not pass

the standard identification

considered the decay

Ironically three-prong (3
oed pa 1cle) BR— 5%



.- Signature Ingredients: LEPTONS

. = Jeptons selection

Electrons Muons Taus
Tight Cuts v v

Loose Cuts v v
Isolated tracks v v v




Events / 2 GeV

CDF Run/l Preliminary,J-Ldt =2.0fb"

_,Signature Ingredients: LEPTONS

Electrons

Muons

Taus

Tight Cuts

v

Loose Cuts

Y\
v\

Isolated tracks

.
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v\
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Signature Ingredients: MET

= 2 LSPs and 1 neutrino escape detection and contribute
to the Missing Transverse Energy MET = XE_(v,LSPs)

ET is indirectly measured in the calorimeter but needs
to be corrected

CDF Run I Preliminary,J-Ldt =2.0fb" Search for /\vit T())
> Z
& 10*
o~ —=— Data
“3 3 Drell-Y:
s 10
o . Dibosons

102

(Ll L Ll 1 1 L]
0 20 40 60 80 100 120 140 160 180 200
Missing E; (GeV)




Standard Model Backgrounds

[wz

3 real leptons + MET

Z

4 real leptons

2 real leptons + MET

1l Yan (DY)

2 real leptons

2 real leptons + MET

3 real leptons

2 real leptons

1 real lepton + MET

1 real lepton

Lof 2 or 1 real leptons there can be 1 or 2 additional
from y conversion or a misidentified lepton (i.e.
_j‘.gdron misidentified as lepton or track)




Background estimation

Estimation from Monte Carlo (MC) simulations
= WZ, ZZ, tt, DY+y

= All MC predictions need to be corrected for real lepton
identification efficiencies and trigger efficiencies

Rate for objects faking a lepton from DATA
- = DY + (had—lep)
- * WW + (had—lep)
= Wijets + (had—lep)
Rate for Candidate Tracks from MC
= D Y + track
EER + track



nalysis Approach




The Analysis

STATISTICALLY UNBIASED

ANALYSIS The “signal” region is investigated in data
performed as a COUNTING only at the very end of the analysis
EXPERIMENT

‘ Optimization of analysis cuts
looking at MC only

. Verification that backgrounds

are reproduced by MC in
“control regions” Kinematic regions where

I new physics expected to be small

LOOK at DATA in the SIGNAL REGION

1 compare number of
predicted and observed events




Overlapping data sets
collected with many different triggers

Channels chosen
¢ basis of lepton content:

Mutually exclusive

n L(Jﬁij f purity (S/B)

Setting up the analysis

3 tight leptons S/B

2 tight & 1
loose leptons

1 tight & 2
loose leptons

2 tight lepton
& 1 track

1 tight & 1
loose leptons
& 1 track




3 tight leptons

2 tight & 1
loose leptons

1 tight & 2

>

loose leptons

2 tight lepton
& 1 track

1 tight & 1
loose lepons
& 1 track

Setting up the analysis

P. (E;) > 15, 5, 5 GeV

P. (E;) > 15, 5, 10 GeV

P: (E;) > 20, 8, 5(10 if
loose muon) GeV

P. (E;) > 15, 5, 5 GeV

P: (E;) > 20, 8 (10 if loose
muon), 5 GeV




Optimization of analysis cuts



Background Reduction

On-shell contribution of Z removed by invariant mass cut for Z
Off-shell contribution for ZZ reduced by MET cut

Off-shell contribution from WZ
hard to remove without eating on the signal

High hadronic activity reduced by cutting on Njets

Events with low MET reduced by
requiring a lower limit on MET




3 tight leptons
CDF Run Il Preliminary, _[ Ldt=2.0 fb" After all other

cut Require MET > 20 GeV selections are

Search for ;g[f made
‘—\ Drell-Yan

- Dibosons

tt

- Fake lepton

— Signal

Mass &il) =120 GeV|

NEvents / 10 GeV
IIII | T 71T

1 L L L I |
120 140 160 180 200
Missing E; (GeV)

0 20 40 60 80 100




R ing Backgrounds: WZ, ZZ on shell

3 tight leptons

CDF Run/l Preliminary,det =2.0fb”

After all other

-
| I

o
S .
& | Require Z veto  s.ocwor 2 selections are
e : Drell-Yan
'3 0.8— . Dibosons made
g §
z 06 - Cut . Fake lepton
el — Signal
B Mass (%il) =120 GeV
0.4—

0.2

] |

20 40 60 80 100 120 140 160 180 200
leading M, (GeV/c')

QO



educmg Backgrounds: top-pair, fakes
3 tight leptons

CDF Run 1l Preliminary,J-Ldt =2.0fb"

Require NJets <2

Cut

—

NEvents

10™

1072

Search for ,(2 ,(,
. Drell-Yan

- Dibosons
tt
. Fake lepton

— Signal

Mass (%il) =120 GeV

After all other
selections are
made



rcing Backgrounds: Residual DY

2 tight leptons + 1 Track

CDF Run I Preliminary,det =2.0fb"

After all other

© -
“ B [
< 55 N selections are
S B Search for 573
2 B Drell-Yan made
: —
§’ L . Dibosons |+
N . Fake lepton Cut p A(D pbar
B — Signal Mass (%il) =120 GeV
—  Require A® <2.8 rad |

1.5 2 2.5 3
AD, (rad)

(=}
et
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Verity the Standard Model
backgrounds
In “control regions”



Control Regions

START with DILEPTON EVENTS
— high statistics samples

ME

-]

Use Z events (76 < M,, < 106 GeV/c?)
to test luminosity

v High P leptons
Use Z-veto to test low mass DY

v Low P leptons

HIGH

Watch kinematic distributions
checking

v shapes and

v number of events

LOW

Further agreement tests:

v watch MET distributions to test
76 106 MASS corrections
v split by lepton content (ee,puy,ep)
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itrol Regions : Dileptons

ton Invariant Mass Missing Energy for Z selection

~t~ 4~
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76 106 MASS
. _ -1 A N NU
CDF Run Il Prellmmary,J.Ldt-Z.O fb Sea,l (,h fOl Al A)
2 10* . .
8 Missing Energy
2 —s— Data
§103 for Z (.ee) .DreII-Yan
selection

. Dibosons
oL

10°

L.
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Missing E; (GeV)

ntrol Regions : Dileptons

Breaking Missing Energy
into Z—ee and Z—uu

E |

CDF Run Il Preliminary,ILdt=2.0 ' Search for Xl A)

Events / 2 GeV
—
A

for Z (pp)
selection

—
8

-
o

Missing Energy

—— Data

0 20 40 60 80

100 120 140 160 180 200

Missing E; (GeV)



Events / 2 GeV/c?
- — — -
- o < < 8

—
]
-
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1trol Regions : Dileptons

Breaking Dilepton Invariant Mass into
one tight, one loose and two tight

CDF Run I Preliminary,j Lat=20f%"  Search for ANl X) CDF Run I Preliminary._[Ldt=2-o m'  Search for \7 1’9
L Ol

E >107 =

= 4 E

= o -

(— X E —

5 210 =

= : e E

C .Dnbosons 3 -

? . tt Z10* 3

= 10=

= L

g_ 10'12—

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

Invariant Mass (GeV/c") Invariant Mass (GeVIcz)




‘Control Regions : Dileptons

CDF RUN II Preliminary [ £dt = 2.0 fb~! : Search for YN

Name | Z—ee Z—pup Z— 1717 WW WZ 77 tt Expected Observed

2tight

347 13102 933 16 7.1 571 | 16352 + 716 15966

4
Zlo 7705.6 42406 4777 4.7 01 23 1. 12432 + 569 12352

0

3 835 14 36 550 1758 + 80 1612
Z 311782 19870.4 219 224 6.3 358 15.0
Zlo 25577.6  16665.6 11.1 1.6 0.2 134 0.2 | 42270 £ 1682 42093

51150 4+ 2034 51042

Zhi | 1261.1 7415 64 100 58 1590 144 | 2064 + 02 2143
lo | 33340.6 20003.9 488.7 6.3 0.3 157 1.2 | 54766 + 2212 | 54445

Z(ee) | 311783 0.0 6

Z(up) | 00 108677 39 46 2.3 139 3.0 | 19805 £ 1102 | 19942

1Z(ee) | 0847.0 0.0 4978 209 1.1 43 183 | 10399 + 617 | 10033

T 6.5 4.0 219 4.7 | 31222 + 1710 31074

Z(pp) 0.0 50154 2432 182 04 23 109 | 5290 + 352 5198
0.0 56.5 01 05 351 694 + 47 761




“ontrol Regions : Dileptons

Search for i’f ’\V(_))

CDF Run Il Preliminaryj Ldt=2.0fb"

2 tight leptons 1 tight + 1 loose leptons

*#*+*+#*+

III|III|III|III|III III|III|III|IIIIIII

loMet | —
loMet | —



| Ready for 3 Leptons

High MET, Z-veto is now signal box

MET
Use Z events to test MET
5
T Slg nal y 4 U.se high MET Z region to test
dibosons (WZ,WW)

Test 'fake' estimations in

Z t v' Z events and low-mass,
velo v low-MET events.

LOW

76 106 MASS \ Trileptons = two opposite charge
pairs. Take higher to define control
regions.




NEvents / 8 GeV

trol Regio

Signal

2,

NEvents / 16 GeV/c?

-
o

CDF Run |l Preliminary,J'Ldt =2.0fb"

ns : Trileptons

CDF Run Il Preliminary,J'Ldt =2.0fb"

Search for 30

—s— Data

- Drell-Yan
[ pibosons
o

. Fake lepton

10? MiSSing Energy Search for 01 \
. e 107
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- Dibosons

T
- Fake lepton

T
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Selection :
2 tight leptons + 1 Track

200




Events / 8 GeV/c
3,

-
o

10"

107?

trol Regions : Trileptons

CDF Runll Preliminary,_[Ldt =20 fb'1

L
>
: R
Signal | Z ot
210
&
>
1]
1
10"
CDF Run Il Preliminary,J.Ldt =2.0fb"
Track PT Search for 3% 102
—— Data
- Drell-Yan 0
- Dibosons
- tt
- Fake lepton

20

40
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80

100

120

140 160 180 200
Track P, (GeVic)

Search for x_gx_j

Track P,  Data

- Drell-Yan
- Dibosons
- tt

. Fake lepton

I | - l—l— Ll I Ll I L1l I L1l

20 40 60 80 100 120 140 160 180 200
Track P, (GeVic)

Selection :
2 tight leptons + 1 Track



Signal

NEvents / 8 GeV/c?

Z veto

4
106 MASS

CDF Run Il Preliminary,.[ it=20f"  Search for T?:Y())

> -
o r
E 3'5:_ .DreII-Yan
I% 3;— .Dibosons
= 25 tt
2 f_ . Fake lepton
155 Leading Lepton
1= E. for Z selection
0.5
0: Lo Lo b b

0 20 40 60 80 100 120 140 160 180 200
Leading Lepton E; (GeV)

trol Regions : Trileptons

~+t~(
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Selection :
3 Tight Leptons



o] Regions : Trileptons

P = -1 . . ~F ~
CDF Run Il Preliminary I Ldt=2.0 fb Search for \li\())

Sr
4 :_Control Regions: Trileptons
3 :_ Two tight One tight One tight
- Two tight One loose
2 [All tight + Oneloose @ Two loose '
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Control Region Summary

v There are ~50 (dilepton+trilepton) control regions.
This is where we spent most time and effort!
)bserved and predicted events are consistent within

1stical fluctuations

__) Ready to open the Signal Box



FINAL PREDICTIONS

CDF Run II Preliminary, [ Ldt=2.0 b1

Channel Signal Background Observed
3 tight =01 -0.3 0.5 £0.04 +0.1
2 tight 1 loose 1.6 £0.1 £0.2 0.3 £0.03 £0.03
1 tight 2 loose e/ =0.1 £0.1 0.1 £0.02 £0.02
Total trilepton 4.6 £0.2 £0.6 0.9£0.1 £0.2
2 tight 1 track 4.4 £0.2 £0.6 3.2+0.5 £0.5
1 tight 1 loose 1 2.4+0.1 £0.3 23+0.5+0.4
track
Total 6.8 £0.2 £0.9 5.5+0.7+0.9
dilepton+track

TOTAL EXPECTED SIGNAL = 11.4 events

SUGRA m,=60, m,=190, tan(B)=3, A;=0, 11>0, M(x,*)=120 GeV/c?




~ FINAL PREDICTIONS
- Breakdown of Backgrounds

CDF Run II Preliminary, | Ldt= 2.0 fb!

] Drell Yan ] Drell Yan
ALL THREE LEPTONS AND ATRACK [

Total ~ 1 event B Fake Total ~ 5.5 events [ Fake




Systematic Uncertainties

Backgrounds Signal

Hadrons faking leptons & Signal cross section ~ 10%

underlying event — tracks ~10%

Lepton i1dentification ~ 4%
Initial/Final State radiation ~ 4%

Lepton identification ~ 2%

Jet energy scale ~2to5 %

Process Cross-section ~ 2 to 5%

Common to both:
- Luminosity ~ 6% and PDF ~ 2%



FINAL PREDICTIONS

CDF Run II Preliminary, [ Ldt=2.0 b

Channel Signal Background Observed
3 tight R.SEE(.170.3 0.5 £0.04 +0.1
2 tight 1 loose 6 +=0.1 £0.2 0.3 £0.03 £0.03
1 tight 2 loose 0.7 £0.1 £0.1 0.1 £0.02 £0.02
Total trilepton 4.6 £0.2 £0.6 0.9£0.1 £0.2
2 tight 1 track 4.4 £0.2 £0.6 3.2+0.5 £0.5
1 tight 1 loose 1 0.1 +0.3 23+0.5+0.4
track
Total 6.8 £0.2 £0.9 5.5+0.7+0.9

dilepton+track




FINAL PREDICTIONS

CDF Run II Preliminary, [ Ldt=2.0 b

Channel Signal Background Observed
3 tight R.SEE(.170.3 0.5 £0.04 £0.1 1
2 tight 1 loose 6 +=0.1 £0.2 0.3 £0.03 £0.03 0
1 tight 2 loose 0.7 £0.1 £0.1 0.1 £0.02 £0.02 0
Total trilepton 4.6 £0.2 £0.6 0.9+0.1+0.2 1




Missing E

CDF Run ll Preliminary,det =2.0fb"

3 tight — 1 event

NEvents / 10 GeV

~ o~

Search for 75%
—e— Data

m Drell-Yan
- Dibosons

- Fake lepton
— Signal

140 160

180 200

Missing E; (GeV)



B 3 Tight Lepton Event

Lepton et+
p.=17 GeV/c?

n= -0.82

|

Lepton e-

p,.= 24 GeV/e?

—

I
Lepton e-
p,= 5.8 GeV/e?
n= -0.67
MET =37 GeV
3 tight
E .= 2
MET =
_T One jet

electron event
4,17, 6 GeV

=37 GeV

, Jet E;. = 60 GeV




FINAL PREDICTIONS

CDF Run II Preliminary, [ Ldt=2.0 b

Channel Signal Background Observed

3 tight R =003 0.5 £0.04 +0.1 1

2 tight 1 loose 6 +=0.1 £0.2 0.3 £0.03 £0.03 0

1 tight 2 loose 0.7 £0.1 £0.1 0.1 £0.02 £0.02 0

Total trilepton 4.6 £0.2 +£0.6 0.9£0.1 £0.2 1

2 tight 1 track 4.4 £0.2 £0.6 3.2+0.5 £0.5 4

1 tight 1 loose 1 0.1 0.3 2.3+0.5+0.4 2
track

Total 6.8 £0.2 £0.9 5.5+0.7+0.9 6

dilepton+track




Mis Sing ET CDF Run Il Preliminary,JLdt =20fb"

Search for {‘2’,&
—e- Data

I Drell-Yan
- Dibosons
B«

NEvents / 10 GeV

-'-ff‘Track — 4 events —p
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Interpreting the results



Present State of Knowledge

lEP result is model independent
ass (chargino) > 103.5 GeV/c?

We can place limits on

W17 T T T 1 T T T 1 T T T

| tanp=z = -200 Gev 1 oxBR as a function of

1041 ADLO s >206.5 GeV -

| : mass of the particle
/ : -- we exclude SUSY particles
z 5 with masses below a threshold
= : at 95% C.L. --

] Excluded at 95% C.L.

200 400 _ 600 800 1000



-
(=2)

-
E N

—

)xBR(3 leptons) (pb)
)

Xy

0

cs(yég

:SUGRA Direct Limits since LEP!

CDF Run I PreliminaryJ Ldt =2.0 fb"

Search for Tli T(z)

LEP direct
limit

Theory o, oXBR

Theory 6, oxBR Uncertainty
95% CL Upper Limit: expected
Expected Limit+ 1o

95% CL Upper Limit: observed

mSUGRA m =60, tan(f)=3, A0=0, (n)>0
NG We exclude Chargino mass
~2Xw. below ~ 140 GeV/c?
| | | | | | | | | | | | | I | | | | | | | | | | | |
110 120 130 140 150

Chargino Mass (GeV/c?)



Improvements since 1 fb!

Expected limit improved 122 to 142 GeV/c?
Observed limit : No exclusion before...
Now excluding ~140 GeV/c?

Now with 2 fb’!

- We have a unified search method —

~ all channels for all lepton flavors in parallel.
' annels are defined exclusively —

" s combining channels is straightforward.
ed new categories of events such as

"track to previous set.

.. eing systematic allowed better optimization of selection



Conclusions and outlook



Conclusions and Outlook

® We analyzed 2 fb! of 1.96 TeV pp collisions at CDF
® For our benchmark mSUGRA parameters, we expected ~12 SUSY events
® The observation of 7 events is consistent with the Standard Model
expectation of 6.4 events

e set limits on mSUGRA Chargino mass well beyond LEP
are working on interpreting results to reduce model dependence

a trilepton analysis in place — more data now ready to be
0 probe other regions in mSUGRA, and other models

..... the hunt for SUSY continues....
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al Plots : Acceptances by Channel

Acceptances by Channel
mSUGRA m =60, tan(B)=3, A =0, (1)>0
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Signal Plots
M(selectron) vs M(chargino)

M, vs M .
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~ Signal Plots : Large m,

‘ Large m in mSUGRA
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Mass(chargino) vs tan(f)
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EVENTS

T | W
Lepton p-
S = oV /o2
Track e/p - N [Pp=0GeV/e
Py =92 GeVie? WL =_0.80
n= 0.85 \
F

2 tight muons + 1 Track
E.= 34,6, 9GeV

ey

} - :;;*P:t;'; e - | MET =204 GeV
n= 0.14 One jet, Jet E. =22 GeV




Cross Sections : Tevatron & LHC
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mSUGRA “small m,”

x,) X BR(3I) (pb)
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Projectons wih 1fb-!

mSUGRA: tanB=3. u>0. A =0. m =60 GeV

CDF RUN II PRELIMINARY
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